The caudal intralaminar nuclei are a major source of glutamatergic afferents to the basal ganglia. Experiments in the 6-hydroxydopamine rat model have shown that the parafascicular nucleus is overactive and its lesion alleviates basal ganglia neurochemical abnormalities associated with dopamine depletion. Accordingly, removal of this excitatory innervation of the basal ganglia could have a beneficial value in the parkinsonian state. To test this hypothesis, unilateral kainate-induced chemical ablation of the centromedian thalamic nucleus (CM) has been performed in MPTPtreated monkeys. Successful lesions restricted to the CM boundaries (n = 2) without spreading over other neighboring thalamic nuclei showed an initial, short-lasting, and mild change in the parkinsonian motor scale but no effect against levodopa-induced dyskinesias. The lack of significant and persistent motor improvement leads us to conclude that unilateral selective lesion of the CM alone cannot be considered as a suitable surgical approach for the treatment of PD or levo-dopa-induced dyskinesias. The role of the caudal intralaminar nuclei in the pathophysiology of movement disorders of basal ganglia origin remains to be clarified. 
The centromedian-parafascicular thalamic complex (CM-Pf) is one major source of glutamatergic innervation of several basal ganglia nuclei, including the striatum, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] the subthalamic nucleus (STN), 4, 7, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] the globus pallidus, and the substantia nigra. 15, 21, 22 Projections arising from the caudal intralaminar nuclei are excitatory and use glutamate as neurotransmitter. [23] [24] [25] In recent years, a number of studies have suggested a possible role for the CM-Pf complex on the pathophysiology of movement disorders. 26, 27 In rats, Pf neurons that innervate the STN 28, 29 and the striatum 25 are known to be hyperactive after unilateral midbrain dopaminergic lesion with 6-hydroxydopamine (6-OHDA). Indeed, the chemical ablation of Pf in rodents is highly effective in reversing the increases on STN metabolic activity typically observed after dopamine depletion. 30 Interestingly, early observations considered the CM/Pf as a target by deep brain stimulation (DBS) for the treatment of levodopainduced dyskinesias in Parkinson's disease, [31] [32] [33] and this has recently been proposed in combination with DBS of the globus pallidus pars interna (GPi). 34 On the other hand, important cell loss has been described in the CM-Pf of PD patients 35 as well as in rodents after nigrostriatal damage. 25, 36 To further assess the relevance of the CM/Pf as a potential therapeutic target for parkinsonism and levodopa-induced dyskinesias, we have performed chemical ablation of the caudal intralaminar nuclei in MPTP-treated monkeys and determined its impact on parkinsonian motor signs and dyskinesias.
SUBJECTS AND METHODS
A total number of five young adult male Macaca fascicularis primates (body weight ranging from 3.8 to 4.5 kg) were used in this study. Animals were handled at all times according to the European Council Directive 86/609/EEC as well as in agreement with the Society for Neuroscience Policy on the Use of Animals in Neuroscience Research. The experimental design was approved by the Ethical Committee for Animal Testing of the University of Navarra (ref: 037/2000).
MPTP Intoxication
The neurotoxin MPTP (Sigma Chemical, St. Louis, MO) was administrated intravenously though the saphenous vein as a 0.2% solution in saline (0.2 mg/kg, one weekly injection) until reaching nonreversible, stable parkinsonian symptoms. The severity of the parkinsonian syndrome was behaviorally evaluated using the rating scale proposed by Kurlan et al. 37 This scale rates parkinsonian motor symptoms as facial expression (0-3), resting tremor (0-3), action or intention tremor (0-3), posture (0-2), gait (0-2), bradykinesia (0-4), balance coordination (0-2), gross motor skills of upper limb (0-3) and lower limb (0-3), and defense reaction (0-2) in an accumulating scale where the maximum score (i.e. highest severity) is 29. Once the parkinsonian syndrome was stabilized, treatment with levodopa or apomorphine (for monkeys who did not drink levodopa) was given once daily. Levodopa was orally administered at a dose of 25 mg/kg (Madopar levodopa/benserazide, 200:50; Roche, France). Apomorphine was administered subcutaneously at a dose of 0.5 mg/kg. Both drugs were given to assess motor improvement and to induce dyskinesias. The change in the score of Kurlan et al. scale from the "off" medication condition to the "on" state was monitored and the duration of the "on" response recorded. Levodopa (or apomorphine)-induced dyskinesias were rated as: 0, when absent; 1 (mild), when present only occasionally under stress or while performing delicate motor tasks; 2 (moderate) for dyskinesias present most of the "on" time but not interfering with voluntary movements; and 3 (severe) when dyskinesias were continuous, generalized, and violent, and perturb motor behavior. This scoring system coincides with the Obeso's scale included in the Core Assessment Program for Intracerebral Transplantation 38 subsequently modified and validated for clinical assessment of dyskinesias in PD patients. 39 The CM lesion was made between 4 and 12 months after the last MPTP injection in all monkeys and after 1 to 8 months of initiating levodopa/apomorphine treatment (see later).
Anesthesia and Postsurgical Care
Preliminary anesthesia was induced by intramuscular injection of a solution of Imalgenet (1% of a solution of ketamine, 75 mg/kg). Surgical anesthesia was then achieved with a mixture of 5 mg/kg ketamine (Imalgene) and 0.5 mg/kg midazolam (Dormicum), resulting in deep anesthesia levels for 2 to 3 hours. Immediately prior to surgery, local anesthesia was induced with Xilonibsa Spray (10% solution of lidocain). An intramuscular injection of 1 mL of Finadyne (5 mg/kg) was given as analgesic once the surgery was completed. This injection was repeated 24 and 48 hours postsurgery. A similar schedule was also undertaken for the application of antibiotics (ampicilin, 0.5 mL/day). During survival time, animals were kept under constant control in single cages and fed with food and water "ad libitum."
Stereotactic Surgery
Coordinates were taken from a stereotaxic atlas of our own. Selected coordinates for targeting the CM are as follows: 9.5 to 10.5 mm caudal to the center of the anterior commissure (ac), 3.5 to 4.5 mm lateral to the midline, and 0.5 to 1 mm dorsal to ac-pc line. Target selection-assisted by ventriculography-is illustrated in Figure 1 . Each ventriculography consisted on the delivery of 0.4 mL of Rx contrast (Omnigraph 300) into the frontal horn of the lateral ventricle to obtain a complete filling of the ventricular system. Once the Rx plate was developed, both the anterior (ac) and the posterior commissures (pc) were localized. The ac-pc line was then measured and used as a reference for positioning the head parallel to the horizontal plane, as well as for calibrating the stereotaxic atlas of reference.
Chemical Lesion of the CM
Using a Hamilton microsyringe, a total amount of 0.1 to 0.5 μL (50 mM) of kainic acid dissolved in saline was pressure-injected in the left CM nucleus unilaterally. Once the syringe was placed in the calculated target, and prior to start injecting the kainate, an additional ventriculography was performed to better assess the accurate placement of the needle. Injection was achieved in pulses of 0.05 μL every 2 minutes. Once completed, the syringe was left in place for 15 minutes before withdrawal, to minimize the reflux through the injection track.
Tissue Processing
Six weeks after surgery, the animals were anesthetized with an overdose of chloral hydrate and perfused transcardially. The perfusates consisted on a saline Ringer solution, immediately followed by 3,000 mL of cold fixative containing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.125 M PB, pH 7.4. Next, the perfusion was continued using 1,000 mL of a cryoprotective solution containing 10% glycerin and 1% dimethylsulphoxide (DMSO) in 0.125 M PB, pH 7.4. After the perfusion, the skull was opened and the brain removed. Tissue blocks (15-mm-thick) were stored for 48 hours in a cryoprotective solution containing 20% glycerin and 2% DMSO in 0.125 M PB, pH 7.4. Finally, frozen coronal sections (40-μm-thick) were obtained in a sliding microtome and collected in 0.125 M PB, neutral pH. Sections were mounted in Superfrost slides, dried thoroughly, and then stained according to the Nissl method (1% of a solution of cresyl violet in distilled water). Once the staining was completed, sections were dehydrated in ascending series of ethanol, cleared in xylene, and finally coverslipped with Entellan (Merck).
RESULTS

Injection Sites and Lesion Extent
The CM was targeted in all animals (n = 5) but large variations in the size of the lesion area were noticed as a function of the amount of kainic acid delivered. Thus, kainate-injected volumes ranging between 0.2 and 0.5 μL (n = 3) resulted in a large extent of tissue lesioned, comprising not only CM, but spreading over the Pf, central lateral nucleus, paracentral nucleus, mediodorsal thalamic nucleus, and several subdivisions of the ventral posterior thalamic nucleus. This was associated with marked postural instability, prostration, and poor general health leading to early sacrifice. This precluded any formal evaluation and accordingly such animals were discarded for further analysis. In two monkeys (nos. 41 and 44) receiving a smaller amount of kainate (0.1 μL), the lesion was restricted and well located within the CM boundaries (see Fig. 2 ). Data presented here have been gathered only from these two monkeys in which the lesions were fairly limited to the CM nucleus.
Analysis of Motor Function
Monkeys (41 and 44) exhibited a full and stable parkinsonian syndrome before surgery (see Fig. 3 ). Levodopa induced a marked motor improvement (mean change in "off"/"on" score 86 and 82%) lasting for a mean of 60 and 100 minutes. Choreic dyskinesias, pre-dominating in the trunk and lower limbs bilaterally, were elicited after 2 to 4 weeks of levodopa treatment. The dyskinesias were of moderate severity (score 2/3).
Lesion of the CM was not associated with a significant improvement in the parkinsonian syndrome (see Fig. 3 ). Immediately after surgery, both monkeys exhibited a short-lasting improvement in the motor score related with increased facial expression (no. 41) and trunk posture (no. 44). This was very modest and transitory. No other item of Kurlan et al. 37 scale showed any change. The response to levodopa was maintained and there were no significant changes in the distribution and severity of levodopa-induced dyskinesias (see Fig. 4 ).
DISCUSSION
Previous data in the 6-OHDA rat model 25, [28] [29] [30] and newer concepts about the functional organization of the basal ganglia 40, 41 led us to hypothesize that the CM could play a role in the pathophysiology of PD. Neuronal activity of the pedunculopontine and STN as well as the cortico-striatal afferents is known to be increased in the parkinsonian state. 29 It was therefore conceivable that the CM glutamatergic interconnections with the basal ganglia could be engaged in a network self-perpetuating the hyperactive state. Blockade or lesion of the STN and PPN improves parkinsonian features in animal models. [42] [43] [44] [45] Lesion of the STN, in particular, induced a marked motor benefit that led to the current revitalization of surgery for PD. We took the effect previously observed with chemical subthalamotomy in MPTP monkeys 44 as the reference gold standard for the current experience with lesion of the CM nucleus. Certainly, the effect observed in the CM lesion monkeys was not at all similar to what was encountered after STN lesion.
The failure to observe motor improvement in our MPTP monkeys cannot be attributed to wrong placement of the lesion. Indeed, the brain of the two selected monkeys showed a lesion perfectly well sited to affect most of the CM without significant extension to surrounding structures, including the Pf. It is also unlikely that the unilateral only topography of the CM lesion can be taken as explanation for the findings reported here. In the 6-OHDA rat, unilateral lesion of the Pf is associated with significant amelioration of basal ganglia metabolic abnormalities 30 and unilateral surgery of the STN or GPi may portray a robust anti-parkinsonian action in both MPTP monkeys and patients with PD. 46, 47 Finally, it may be argued that the sample size is too small to reach any valuable conclusion. We, indeed, acknowledge that a number of two monkeys with accurate placement of the lesions is definitely limited. In this regard, it is worth indicating that a larger number of monkeys underwent surgery, but placement of a lesion strictly limited to the CM has proven to be very difficult. Nevertheless, past experiences showing a robust effect of STN or PPN lesions similarly used two monkeys. 42, 43, 48 We are therefore obliged to conclude that selective lesion of the CM projection to the basal ganglia in MPTP-treated monkeys is unlikely capable of improving the parkinsonian state or eliminating levodopa-induced dyskinesias.
The negative findings presented here should not discard a putative role of the CM in movement control. The parkinsonian and dyskinetic states are relatively simple functional situations seen as opposite poles of abnormal motor behaviors. 49 It may be that CM activity is related to other, more complex, components of movement control. For instance, in the intact monkey, 50 the CM neurons fired particularly in relation with reward anticipation and decision, and in the 6-OHDA rat model, lesion of the CM improved performance in a motivational task that measured the latency to retrieve a reward. 51 It may be, therefore, that in the primate brain the CM is important to modulate striatal and STN excitability in contextdependent tasks or reward related activities. Thus, the CM may play a role in the origin of other features of PD. Interestingly, the possibility of achieving an extra benefit in patients with PD by combining pallidal with CM + Pf DBS has been raised recently. 34 DBS of the CM-Pf alone had not a major benefit against the cardinal features of PD or against LID, somehow mimicking the results reported here. On the other hand, there appears to be a marked improvement on freezing of gait, a feature that is frequently resistant to both dopaminergic drugs and basal ganglia surgery.
The possibility of improving tics and obsessive compulsive behavior by lesion of the thalamus including the intralaminar nuclei has been considered for many years and until recently. [52] [53] [54] Although most authors claimed clear cut improvement, the lack of adequate clinical evaluations and reliability of the intended lesions preclude any conclusion. 55 More recently, DBS has been applied to the treatment of Tourette's syndrome. Most reports deal with pallidal DBS but Visser-Vandewalle et al. 56 treated three patients by targeting the CM, substantia periventricularis, and nucleus ventrooralis internus. They described that tics, including vocal tics, disappeared after more than 1 year of follow-up in two cases. The same target was used in an isolated patient by Bawja et al. 57 A few other instances of patients successfully treated with a combination of pallidal and thalamic (targeting the CM) DBS have been described in recent years. 58, 59 These results have to be judged cautiously as the general tendency is to report positive outcomes and silence negative results, particularly when dealing with surgical treatments. Nevertheless, they are encouraging regarding the treatment of severe patients with Tourette's syndrome and in keeping with our suggestion that the CM/Pf complex may be more relevant when dealing with patients with associative and behavioral disorders.
In conclusion, we found no evidence for a direct influence of the CM in modulating basal ganglia activity in the MPTP monkey model. This negative finding serves to exert some caution when considering the CM nucleus as a potential anti-parkinsonian target as far as the cardinal motor features of PD are concerned. On the other hand, its putative value in combination with other targets cannot be dismissed as now. Moreover, a putative role for thalamic surgery in the management of Tourette's syndrome and other neurobehavioral disorders may be worth further studies. Evolution of motor scores (Kurlan's scale) and response to levodopa in the two monkeys with focal lesion of the CM nucleus. There is no significant change in the "off" and "on" medication states before and after surgery. Vertical dots indicate the time of surgery.
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